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rotation around the threefold symmetry axis reduces the dipolar coupling, making accurate quantitative measurement difficult. Application of the new method to ubiquitin indi-E Å 0B 0 rxrB 0 /2m 0 . [1] cates that the difference in the 1 J CaHa splitting at 360 and 750 MHz 1 H frequencies can be measured with an accuracy For monomeric proteins in solution, E is much smaller than of about 0.3 Hz. The method is therefore expected to be kT, and the susceptibility anisotropy results in a very small useful for measurement of dipolar couplings in systems with degree of alignment with the magnetic field. As a consea relatively large susceptibility anisotropy, such as proteinquence, dipolar couplings no longer average to zero but have DNA complexes (Tjandra et al., unpublished results). a small residual value which scales with the square of B 0 . Figure 1 shows the pulse scheme used in the present study, The magnitude of the dipolar coupling contains information which is a variation on the regular CT-HSQC experiment on the orientation of the internuclear vector relative to the (10-12). By altering the time point at which the 1 H 180Њ susceptibility tensor and therefore potentially contains valupulse is applied during the constant-time evolution period, able structural information. Such dipolar couplings have the intensity in the correlation spectrum becomes a simple been observed in a range of small molecules with relatively function of 1 J CH and permits this coupling to be calculated large magnetic shielding susceptibility anisotropy, such as from the observed intensities (9, 13). Pulsed-field-gradient polycyclic aromatics and porphyrins (1-4), and in molecoherence selection is used to maximize suppression of the cules anchored to discoidal micelle systems (5, 6). solvent signal. Note that the experiment is preferably applied Recently, Tolman et al. (7) ) , which, at least in part, is attributed to netic-field strengths in a natural-abundance DNA dodecamer pulse imperfection. Therefore, despite its signal-to-noise be- (8) . The magnetic susceptibility anisotropy calculated for ing up to twofold higher, this Rance-Kay feature is not used the diamagnetic protein ubiquitin is more than an order of in the present study. magnitude smaller than that of myoglobin or the DNA dodecUsing the scheme of Fig. 1 , the intensity of a 13 C-1 H amer and results in very small changes in 1 J NH (£0.25 Hz) correlation in the 2D CT-HSQC spectrum is proportional to when the magnetic-field strength is increased from 8.5 to 14 cos[2p
1 J CH is then determined by optimiz-T (9). Nevertheless, both the magnitude and orientation of ing the fit between C 1 cos[2p(16). Assuming rigid body isotropic tumbling with a correlation time t c and an ISX angle a, the S-spin relaxation rate equals R SI / R SX { R CC , where R SI and R SX are the S-I and S-X dipolar contributions, and R CC is the interference term, with the ''/'' sign referring to identical spin states of I and X and the ''0'' sign referring to opposite spin states. In the slow-tumbling limit, these terms are given by solved in the S-spin spectrum, this then will result in a used, in addition to a time point for which D Å 0. small reduction of the measured peak-to-peak splitting of As noted previously (15), relaxation interference (cross the unresolved doublet relative to J SI (Fig. 2B ). correlation) can affect the accuracy of one-bond J coupling measurements. Fortunately, 13 C a chemical-shift anisotropy (CSA) is relatively small, and cross correlation between the 1 H a -13 C a dipolar and 13 C a CSA interactions gives rise to a very weak, dispersive (15) contribution in the 13 C dimension of the 1 H-13 C CT-HSQC spectrum, which has no significant effect on the measurement of 1 J CH . However, the effect of dipole-dipole cross correlation can be significant. Consider, for example, a three-spin system, ISX, where I is the H a spin, S is C a , and X is an H N , H b , or H g proton, J-coupled to C a . At the end of the constant-time evolution period, the (Fig. 2A) . As a result of (2S y I z ). The angle e equals 2pTJ XS . Assuming (3 cos 2 a 0 1)g I g X ú 0, cross correlation between the SI and SX dipolar relaxation the S-spin multiplet components corresponding to Éa I , a X … and Éb I , b X … mechanisms, the multiplet components corresponding to the relax faster than the Éa I , b X … and Éb I , a X … multiplet components, resulting same spin state of I and X will relax at a different rate in a nonzero 2S y I z component. (B) S-spin multiplet shape with exaggerated effect of relaxation interference to show the distorted 1 J IS splitting.
relative to the case where they have opposite spin states Figure 3A shows a small region of the 750 MHz CT-HSQC spectrum, recorded with the pulse scheme of Fig. 1 Figure 3B shows a fit between the experimental resonance intensities, obtained for the various The pairwise difference between the measured values and durations of 2D, and the intensity modulation function,
The experiment was carried out twice, yielding a pairwise root-mean-square deviation (rmsd) between the two sets of J couplings of 0.14 Hz, indicating a random error of only {0.07 Hz in the averaged values. Duplicate measurements at 360 MHz were less reproducible and indicated a random error of 0.1 Hz in the averaged values. The 1 J CH values, derived from measurements at the two fields, are shown in Fig. 4 .
As shown in Fig. 5 , the difference in 1 J CH splitting at the two fields correlates with the dipolar contributions expected on the basis of the orientation of the C a -H a bond vectors taken from the ubiquitin crystal structure (17) and its magnetic susceptibility tensor. The correlation coefficient, r, for this correlation equals 0.64, and the probability, p, that this correlation occurs by chance is negligible (p õ 10 06 ). for C a -H a pairs than for backbone N-H. However, as the which are much larger than the uncertainty in their measurement. In these cases, the dipolar couplings provide powerful constraints during protein structure calculation (19).
